Invariant NKT (iNKT) cells were shown to prevent the onset of experimental autoimmune encephalomyelitis in mice following administration of their specific TCR agonist a-galactosylceramide. We found that this protection was associated with the emergence of a Foxp3
+ iNKT cell population in cervical lymph nodes. We demonstrate that the differentiation of these cells is critically dependent on TGF-b in both mice and humans. Moreover, in vivo generation of Foxp3 + iNKT cells was observed in the TGF-brich environment of the murine gut. Foxp3
+ iNKT cells displayed a phenotype similar to that of Foxp3 + regulatory T cells, and they suppress through a contact-dependent, glucocorticoid-induced TNFR-mediated mechanism. Nevertheless, Foxp3
+ iNKT cells retain distinctive NKT cell characteristics, such as promyelocytic leukemia zinc finger protein expression and preferential homing to the liver following adoptive transfer, where they stably maintained Foxp3 expression. Our data thus unveil an unexpected capacity of iNKT cells to acquire regulatory functions that may contribute to the establishment of immunological tolerance. The Journal of Immunology, 2010, 185: 000-000. N atural killer T cells are innate-like lymphocytes capable of producing cytokines characteristic of Th1, Th2, or Th17 responses (1) (2) (3) . They were shown to influence adaptive immunity by exacerbating or suppressing a diversity of immune disorders, such as allergy, autoimmunity, or transplantation (4-7). For instance, NKT cell activation following administration of a-galactosylceramide (a-GalCer), an NKT cell-specific agonist, can protect mice from experimental autoimmune encephalomyelitis (EAE) manifestations (5, 8) .
NKT cells express a TCR and receptors typical of the NK lineage, including NK1.1 and NKG2D (7) . The best-studied NKT cell subset, known as type I, classical, or invariant NKT (iNKT) cells, has a semiinvariant TCR comprising an invariant a-chain and a restricted TCR b-chain repertoire. These cells recognize glycolipids presented by CD1d (7) and develop in the thymus, where they undergo a positive selection process mediated by double positive thymocytes acting as CD1d + APCs, instead of classical MHC-expressing thymic epithelial cells (9) . Thus, iNKT cells are generally considered a lineage separate from T lymphocytes, characterized molecularly by expression of promyelocytic leukemia zinc finger protein (PLZF) (10) . Of note, their unique TCR remains the only distinctive feature enabling iNKT cell unambiguous detection, because they share many surface molecules with T cells, namely, CD3 and CD4 in mice, as well as CD8 in humans (7, 11) .
Thus far, iNKT cell subsets identified in vivo can recapitulate in the innate immunity context some of the functions characteristic of conventional CD4 T lymphocytes, such as secretion of Th1, Th2, and Th17-type cytokines (1-3, 12, 13) . However, a parallel between regulatory CD4 T cells (regulatory T [Treg] cells) and iNKT lymphocytes has not yet been described. Treg cells are characterized by expression of the transcription factor Foxp3 and potent immunosuppressive properties. They are crucial for the maintenance of an immunological self-tolerance state, modulating the activation, proliferation, and function of effector T cells, thereby preventing pathological immune responses, including allergy and autoimmunity (14) . Treg cells develop in the thymus or in particular contexts at the periphery, when activated in the presence of TGF-b (15) (16) (17) (18) .
We have now identified a population of Foxp3 + iNKT cells in cervical lymph nodes (CLNs) of mice protected from EAE following a-GalCer administration. We further demonstrate that murine and human Foxp3 + iNKT cells can be induced in vitro following activation in the presence of TGF-b. Foxp3 + iNKT cells display Treg cell phenotypic hallmarks, including CD25, glucocorticoidinduced TNFR (GITR), and CTLA-4, while retaining NKT cell characteristics, namely, PLZF expression. Moreover, Foxp3
+ iNKT cells can occur in vivo, following activation in the TGF-b-rich mucosal environment. Because of the strong suppressive properties displayed upon Foxp3 upregulation, we termed this new NKT cell subset "Foxp3 + NKTreg cell". 
Materials and Methods

Mice
Human subjects
Peripheral blood samples were obtained from healthy volunteers of both sexes after informed consent. The procedures were reviewed and approved by the Ethical Board of the Faculty of Medicine, University of Lisbon, Lisbon, Portugal.
Flow cytometry and cell sorting
CD1d-PBS57 tetramers were supplied by the National Institutes of Health Tetramer Core Facility (Atlanta, GA). mAbs against mouse CD4, CD25, CD62L, CD103, CD127, CTLA-4, Foxp3, IFN-g, IL-4, GITR, NK1.1, NKG2D, TCR-b, Thy1.1, Thy1.2; and human CD4, CD25, CD127, CD161, Foxp3, GITR, and TCR Vb11 were purchased from eBioscience (San Diego, CA), BD Biosciences (San Jose, CA), Beckman Coulter (Fullerton, CA), or BioLegend (San Diego, CA). For murine NKT cell enrichment, cells were incubated with unconjugated anti-CD16/32 Ab (in-house production) to block nonspecific binding to FcR and labeled with PE-conjugated CD1d-PBS57 tetramers without washing. Anti-PE magnetic beads were added, and the magnetically labeled fraction was isolated in an autoMACS Cell Separator (Miltenyi Biotec, Auburn, CA). For human NKT cell enrichment, cells were labeled with biotinylated Abs against CD14, CD19, and CD123, bound to anti-biotin magnetic beads and enriched on an autoMACS Cell Separator, the magnetically labeled fraction being discarded. Intracellular flow cytometry stainings were performed using the Foxp3 Staining Buffer Set (eBioscience) for permeabilization and fixation. Samples were analyzed on a FACSCanto I (BD Biosciences) or sorted on a FACSAria (BD Biosciences), with doublet exclusion in all experiments. Data were analyzed by FlowJo (Tree Star, Ashland, OR).
Cell cultures
Following magnetic enrichment, iNKT cells isolated from mouse spleens were sorted by FACS, and 50,000 cells per well were stimulated with 3 mg/ml plate-bound anti-CD3 (eBioscience). In some experiments, cultures were supplemented with TGF-b (5 ng/ml; R&D Systems, Minneapolis, MN), IL-2 (5 ng/ml; eBiocience), IL-15 (100 ng/ml; eBioscience), and IL-7 (5 ng/ml; R&D Systems). Human cells were stimulated with 1 mg/ml plate-bound anti-CD3 (BD Biosciences). In some conditions, cultures were supplemented with TGF-b (10 ng/ml; R&D Systems), IL-2 (20 U/ml; Roche Diagnostic Systems, Indianapolis, IN), anti-IL-12 and anti-IFN-g (5 mg/ml; eBioscience), anti-IL-4 (5 mg/ml; R&D Systems), and anti-CD28 (2 mg/ml; eBioscience). Culture medium was RPMI 1640 with GlutaMAX, supplemented with 10% FBS, 1% HEPES, 1% penicillin/streptomycin, 1% sodium pyruvate, and 0.1% 22ME (Invitrogen, Carlsbad, CA). In some experiments, 200 mg/ml anti-IL10R or 100 mg/ml anti-GITR (19) was added. In transwell assays, 100,000 naive CD4 T responder cells labeled with 5 mM CFSE (Invitrogen) were stimulated with mitomycin C-treated splenocytes (250,000) and 1 mg/ml soluble anti-CD3.
In vitro proliferation and suppression assays
Confocal microscopy
Sorted Foxp3-GFP + cells were plated on coverslips precoated with poly-Llysine (Sigma-Aldrich) and incubated for 1 h at 37˚C. Slides were then incubated with CD1d/PBS57-PE tetramer for 1 h at 4˚C, washed with icecold PBS, and fixed in PBS 3% paraformaldehyde (Sigma-Aldrich) for 15 min at 4˚C. Slides were mounted in DAPI Fluoromount G (Southern Biotech, Birmingham, AL) and analyzed with a laser scanning confocal microscope (LSM 510 META, Carl Zeiss, Oberkochen, Germany).
RNA extraction, RT, and PCR
RNA was extracted from 1,000-50,000 cells directly sorted into Buffer RLT with RNeasy Micro Kit (Qiagen, Valencia, CA), and cDNA synthesis was performed using random primers (Invitrogen) and Superscript III RT (Invitrogen). Primers (Bonsai Technologies, Orissa, India) were as follows: PLZF fwd: 59-cagtttgcgactgagaatgc-39, rev: 59-ttcccacacagcagacagaa-39; Foxp3 fwd: 59-cccaggaaagacagcaacctt-39, rev: 59-ttctcacaaccaggccacttg-39; EF1A fwd: 59-acacgtagattccggcaagt-39, rev: 59-aggagccctttcccatctc-39. PCRs were performed using the Power SYBR Green PCR Master Mix and the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). All PCR products were run in agarose gel.
Statistical analysis
The p values were calculated by nonparametric unpaired t test with Welch's correction.
Results
Protection from EAE upon a-GalCer treatment leads to the emergence of Foxp3 + iNKT cells in CLNs
Immunization with a-GalCer had been shown to prevent the onset of EAE in wild-type mice (5, 8) (Fig. 1A ). Because this protection is known to be iNKT cell dependent (20) (Supplemental Fig. 1 ), we evaluated the number and phenotype of iNKT cells at the peak of disease. Surprisingly, we found a population of Foxp3 + iNKT cells in CLNs (draining the CNS) of mice protected from EAE, which was absent from other anatomical locations and in CLNs of naive animals (Fig. 1B, 1C, Supplemental Fig. 2) . In contrast to Foxp3 + iNKT cells, the number and frequency of Foxp3 + Treg cells remained unchanged in a-GalCer-treated mice, when compared with animals with EAE or naive controls (Fig. 1D) .
Foxp3 expression has thus far been noted to be confined to conventional ab T cells (21) (22) (23) . Consistent with this, we found no evidence for Foxp3 expression by iNKT cells from liver, spleen, pooled lymph nodes, Peyer's patches, or thymus of naive BALB/c or C57BL/6 mice (Supplemental Fig. 3 ). This finding strongly suggests that Foxp3 expression is not imprinted during thymic iNKT cell development. Instead, our data indicate that peripheral induction of Foxp3 + iNKT cells can occur under particular pathophysiological settings, such as EAE.
TGF-b induces de novo expression of Foxp3 in iNKT cells
We investigated the capacity of iNKT cells to express Foxp3 when activated in the presence of TGF-b-a condition known to convert conventional CD4 T cells into Foxp3 + "inducible" Treg cells (14, 16) . Sorted iNKT and CD4 + CD25 -T cells were stimulated with plate-bound anti-CD3 in the presence of IL-2 and TGF-b. After 3 d, Foxp3 expression was detectable in a significant proportion of both iNKT (29.35% 6 11.80) and CD4 (53.21% 6 12.03) T cell cultures ( Fig. 2A, 2B) . Similar results were obtained with iNKT cells from mice harboring a Foxp3-GFP knockin allele (Foxp3 gfp mice) (21) and BALB/c mice (Fig. 2C , Supplemental  Fig. 4) , and with iNKT cells sorted from the thymus, albeit the latter exhibited a lower conversion efficiency (Fig. 2D ). Foxp3 gfp iNKT cells were sorted after conversion and individual cells analyzed by confocal microscopy. As shown in Fig. 2E , staining with CD1d tetramer loaded with the PBS57 ligand confirms that these Foxp3-expressing cells bear in their surface the invariant TCR that recognizes glycolipid Ags, a feature exclusively attributed to iNKT cells. Therefore, bona fide iNKT cells were similar to conventional CD4 T cells in their ability to upregulate the Foxp3 transcription factor when stimulated under appropriate conditions. Of note, this property was not shared by other unconventional We analyzed the kinetics of Foxp3 induction and evaluated the stability of Foxp3 expression by iNKT cells in culture for 14 d (Supplemental Fig. 5 ). We observed that, despite a lower conver- We next tested the impact of TCR signal strength, costimulation, and cytokine addition on the conversion of iNKT cells into Foxp3 expressers. Maximal induction of Foxp3 was achieved with 3 mg/ml plate-bound anti-CD3 and 5 ng/ml TGF-b and IL-2, whereas further addition of IL-15 or IL-7 had little impact (Fig. 2F, Supplemental  Fig. 4 ). Of note, titration of TGF-b concentration clearly revealed that this cytokine is essential for the induction of Foxp3 expression in iNKT cells (Fig. 2G) .
TGF-b is required for expression of Foxp3 in iNKT cells in vivo
Th17 cell differentiation is critical for EAE development and requires a combination of cytokines, including TGF-b (24, 25) . Accordingly, TGF-b neutralization at the time of EAE induction was shown to prevent the disease onset (26) . Thus, to confirm TGF-b requirement for in vivo generation of Foxp3 + iNKT cells, we adopted an alternative approach, taking advantage of the TGFb-rich environment of the gut mucosa. We investigated whether intragastric delivery of a-GalCer could lead to the emergence of Foxp3 + iNKT cells in mesenteric lymph nodes (MLNs), in the same way oral tolerance leads to de novo induction of Foxp3 + Treg cells (27) . We observed that a-GalCer delivery led to an accumulation of Foxp3 + iNKT cells in MLNs (Fig. 2H ). Of note, most Foxp3 + iNKT cells from MLNs expressed low levels of CD25, something observed with the in vivo peripheral conversion of Treg cells in some conditions. To address whether in vivo generation of Foxp3 + iNKT cells required TGF-b, we used dn TGFbRII mice (28), whose T and NKT cells are unable to transduce TGF-b signals, and observed no induction of Foxp3 expression in iNKT cells (Fig. 2H) . Taken together, our observations suggest Foxp3 (Fig. 3A) . However, we also observed some differences between the two populations: Whereas Foxp3 + CD4 T cells were heterogeneous for CD62L expression, Foxp3
+ iNKT cells were homogeneously CD62L low . The absence of CD62L, in association with the high expression of CD103, suggests that in vivo Foxp3 + iNKT cells are excluded from lymph nodes and preferentially migrate to peripheral tissues. Interestingly, iNKT cells that had upregulated Foxp3 expression failed to secrete IL-4 and IFN-g upon restimulation (Supplemental Fig. 6 ).
We also found that the capacity to induce , and the majority expressed NKG2D. We also could detect the expression of PLZF, a transcription factor reported to distinguish NKT cells from conventional ab T cells (10) , in both sorted Foxp3 + and Foxp3 -iNKT cell subsets (Fig. 3C) . Together, these observations indicate that induction of Foxp3 expression in iNKT lymphocytes does not corrupt their NKT cell nature.
Foxp3 + iNKT cells migrate to the liver and maintain Foxp3 expression in vivo
To investigate the in vivo stability of Foxp3 expression in iNKT cells, we injected converted Foxp3-GFP + iNKT cells or control induced Foxp3-GFP + CD4 T (iTreg) cells into RAG2 2/2 mice (Fig. 4) or congenic Thy1.1 hosts (Supplemental Fig. 7 ). By contrast to iTreg cells, which migrated preferentially to the lymph nodes, but could also be found in the spleen and liver, 21 d after adoptive transfer iNKT cells could be detected only in the latter organ, where 50-80% (in empty hosts) or up to 10% (in wild-type congenic hosts) of iNKT cells maintained Foxp3 expression ( Fig. 4, Supplemental Fig. 7) . In fact, it is becoming apparent that Foxp3 expression by conventional Treg cells is less stable than initially anticipated, especially under lymphopenic conditions (29) . Our data indicate that in vivo Foxp3 stability in converted iNKT cells is not inferior to that of iTreg cells, although both populations have distinct homing potentials: Whereas CD4 Treg cells migrate predominantly to secondary lymphoid organs upon adoptive transfer, Foxp3
+ iNKT cells preferentially home to the liver. We thus suggest that the recruitment of regulatory iNKT cells to peripheral tissues may be important to complement and/or reinforce the local action of Treg cells (30) .
Invariant regulatory NKT cells display contact-dependent GITR-mediated suppressive function
To evaluate the regulatory function of Foxp3
+ iNKT cells, we tested their ability to suppress proliferation of CD4 + CD25 -"responder" cells. We used iNKT cells derived from Foxp3 gfp mice converted in the presence of TGF-b and, as controls, natural (nTreg) and iTreg cells. Titration of regulatory/responder cell ratio revealed that converted Foxp3 + iNKT cells can indeed inhibit the proliferation of responder cells with similar efficiency to iTreg cells, and only slightly inferior to the efficiency of nTreg cells (Fig. 5A , 5B). Addition of anti-GITR (19), but not anti-IL-10R, neutralizing Abs to the cultures reversed suppression, indicating that GITR plays a predominant role in the regulatory function of Foxp3 + iNKT lymphocytes (Fig. 5C ). In agreement with these results, Foxp3
+ iNKT cells showed impaired suppressive effect compared with responder cell proliferation when cultured in a separate transwell (Fig. 5D ), which excludes a major contribution for soluble factors to regulation. These results demonstrate that, similarly to conventional Treg cells (31, 32) , induction of Foxp3 in iNKT lymphocytes endows these cells with suppressive function exerted through a contact-dependent www.jimmunol.org mechanism mediated by GITR. This parallel with Foxp3 + Treg cells prompted us to name these Foxp3 + iNKT cells "Foxp3 + invariant regulatory NKT (iNKTreg) cells".
TGF-b-mediated induction of Foxp3 expression in human iNKT cells
Finally, we also evaluated whether Foxp3 expression could be induced in human iNKT cells. Given the lower frequency of iNKT lymphocytes in human peripheral blood (31), we enriched total T cells by magnetic separation and cultured these bulk populations in polarizing conditions that included TGF-b and a mixture of neutralizing Abs against IL-12, IFN-g, and IL-4 (32) (Fig. 6A) . After 5 d of culture, up to 40% of human iNKT cells had upregulated Foxp3, an efficiency of conversion comparable to that of conventional CD4 + T cells (Fig. 6B) . The converted human Foxp3 + NKT cells were CD25 + , GITR + , and predominantly CD161 + , whereas CD127 was expressed by approximately half of the Foxp3 + iNKT cells. Critically, these data establish that the induction of Foxp3 in NKT cells is a conserved phenomenon between rodents and humans.
Discussion
Among hematopoietic cells, Foxp3 expression has been claimed to be restricted to conventional T cells (24) (25) (26) (27) 33) . We now describe, for the first time, that iNKT and CD4 T lymphocyte populations share a similar competence in responding to a tolerogenic cytokine environment, namely, TGF-b, by expressing Foxp3 and undergoing functional specialization toward a regulatory phenotype. It should be noted, however, that Foxp3 induction upon activation in the presence of TGF-b is not a common feature of all lymphocytes: In particular, we were unable to convert sorted gd T cells by CD3 stimulation in the presence of TGF-b (M. Monteiro and J. Ribot, unpublished observations). In addition, this potential appears to be a conserved feature of iNKT cells, as we were able to induce Foxp3 expression in samples from different murine strains and from human beings.
Our results clearly demonstrate that TGF-b is the critical cytokine promoting Foxp3 upregulation in iNKT cells, as described for CD4 + T cell conversion into Foxp3 + Treg cells (15) (16) (17) (18) . As a consequence, we took advantage of the TGF-b-rich environment of the gut to assess in vivo conversion of Foxp3 + iNKT cells. In fact, it has already been described that oral delivery of an Ag can lead to a state of mucosal tolerance in which Ag-specific T cells are locally converted into Treg cells (27) . In this paper, we show that intragastric delivery of a-GalCer induces the emergence of Foxp3 + iNKTreg cells in MLNs. However, this process was impaired in mice with NKT cells unable to integrate the signals delivered through the TGF-bR, thus establishing a crucial role for TGF-b in the in vivo conversion of Foxp3 + NKT cells. Therefore, although oral tolerance to proteic Ags, such as OVA, can be achieved in the absence of iNKT cells, as it has been shown using TCR-transgenic RAGdeficient mice (27) , our results suggest that iNKT cells in the gut, exposed to glycolipid ligands, can convert into Foxp3 + cells and synergize with local Treg cells in the promotion of tolerance to food Ags.
Most reports have shown that Foxp3 + Treg cells suppress immune responses through cell contact-dependent mechanisms (34, 35) . Several surface molecules preferentially expressed by Treg cells, such as GITR, have been implicated in their suppressive function (31, 32) . We found that NKTreg cells can also suppress naive T cell proliferation by a GITR-dependent, IL-10-independent mechanism. Moreover, iNKTreg cells were unable to suppress responder cell proliferation when physically separated in a transwell, which excludes the additional contribution of soluble regulatory factors.
Although iNKT cells expressing Foxp3 have never been found in naive mice (21) , the presence of this population has never been investigated in the context of an immune response. For instance, iNKT cells were reported to play important regulatory roles in the development of anterior chamber-associated immune deviation, transplantation tolerance, and prevention of autoimmunity, such as EAE, as lack of iNKT cells or decreased iNKT cell numbers compromise tolerance. However, in none of these studies was Foxp3 expression assessed in iNKT cells (33) . Importantly, iNKT cell surface molecules largely overlap with those expressed by conventional CD4 T lymphocytes, and Foxp3 + iNKT cells downregulate expression of NK1.1, a molecule often used in previous studies to distinguish NKT cells from T lymphocytes. Therefore, it is reasonable to assume that without an unambiguous identification with a specific tetramer, Foxp3 + iNKT cells could have been erroneously detected as conventional Treg cells. Furthermore, until the development of a conditional knockout mouse lacking Foxp3 exclusively in iNKT cells-for instance, based on a PLZF-driven Cre expression system-it will not be possible to discriminate between the contribution of NKTreg cells and that of Treg cells in immune pathology. Although this topic surely deserves further investigation, the results presented in this paper clearly establish a new type of iNKT cell characterized by Foxp3 expression and immune regulatory properties similar to those of conventional Treg cells, one that might contribute to the maintenance of immune tolerance in the periphery.
Finally, the strong immunosuppressive properties displayed by NKTreg cells raise the possibility of their therapeutic application in the control of immune-mediated diseases, in particular, liver immune-mediated inflammation. Given their invariant specificity, Foxp3 + NKTreg cells are assumed to have a general immunosuppressive action. It should be noted, however, that polyclonal Treg cell populations are likely to have, at least in part, a similar nonspecific immunosuppressive effect, possibly due to cross-reactivity with self-Ags (36) . Indeed, these nonspecific effects can serve as the basis of Treg cell suppression in lymphopenia-driven proliferation and graft-versus-host disease (36) (37) (38) . Notably, the invariant TCR expressed by Foxp3 + iNKT cells might provide an advantageous, universally applicable method for their isolation, conversion, and expansion, regardless of genetic background or pathology.
